GFP fusion proteins for human homologs of five of the newly identified proteins (A-E) were expressed in human 293 cells, counterstained with an antibody (␣-GRP-75) directed against a known mitochondrial marker (F-J), and imaged by confocal microscopy. Panels (K)-(O) show the overlay of the two images. (A) UK114 (translational inhibitor protein p14.5), homolog of Hrsp12 (GenPept accession 6680277). (B) HINT2 (histidine triad nucleotide binding protein 2), homolog of 1190005L05Rik (GenPept accession 12835711). (C) FLJ14668 (hypothetical protein), homolog of 2010309E21Rik (GenPept accession 13385042). (D) YF13H12 (protein expressed in thyroid), homolog of 0610025L15Rik (GenPept accession 12963539). (E) NIT2 (Nit protein 2), homolog of Nit2 (GenPept accession 12963555).
and Experimental Procedures) (Nakai and Horroles in nucleotide metabolism and possibly in tumor suppression (Brenner et al., 1999) . UK114 ( Figure 2A ) is ton, 1999), a proportion slightly lower than the known mitochondrial proteins (38%). Of those that do not have the human homolog of mouse protein Hrsp12, previously described as a liver protein that occurs as a dimer and strong mitochondrial targeting sequences, seven show RNA expression patterns tightly correlated with known is differentially expressed following heat shock (Samuel et al., 1997). YF13H12 ( Figure 2D ) and FLJ14668 (Figure mitochondrial genes. For example, polymerase delta interacting protein 38 (encoded by Pdip38), which was 2C) are human homologs of mouse proteins we identified that also appear to be exclusively mitochondrial detected only in liver mitochondria, and the gene product of Rnaseh1, which was found only in the kidney, based on microscopy studies. Other proteins identified in our study are poorly characterized, but based on their have strong mitochondrial targeting scores. The protein 2010100O12Rik, which was detected in mouse liver and protein domains, could play very interesting roles in the mitochondrion. For example, the AAA-ATPase domain in kidney, appears to be an integral membrane protein whose gene expression is extremely tightly correlated containing protein Tob3 may play a role in the assembly or degradation of mitochondrial protein complexes (Luwith the known mitochondrial genes. Hence, the majority of the 163 newly identified mito-A members have pas and Martin, 2002). This list also includes a number of well-characterized proteins not traditionally associated multiple tiers of evidence supporting that they are mitochondrial.
with the organelle, including the glycolytic enzymes hexokinase, aldolase, and glyceraldehyde 3 phosphate deTo provide direct experimental evidence, we chose human homologs of five of the 163 newly identified hydrogenase. Previous studies have suggested that these enzymes may be tethered to outer mitochondrial mouse mito-A proteins and created GFP-tagged fusions to determine their subcellular localization by confocal proteins, and several other recent proteomics studies have detected these proteins in their mitochondrial microscopy ( Figure 2) . Four of these five showed exclusive mitochondrial staining, while one showed diffuse preparations (Taylor et al., 2003). Close proximity of this glycolytic machinery to the outer membrane of the mitomitochondrial and cytosolic staining. Taken together, our analyses show that of the 163 mito-A proteins, 113 chondrion would serve an obvious biological function, since it produces pyruvate, which feeds into the Kreb's have at least one additional tier of support (Supplemental Table S2 ), suggesting that the list of newly identified procycle in the mitochondrion. Our list also includes several proteins traditionally associated with the lysosome (e.g., teins is indeed highly enriched in mitochondrial proteins.
The list of 163 proteins above includes many proteins cathepsin and saposin), which may play a role in mitochondrial protein degradation. However, it is possible of unknown function (Supplemental Table S2 ). For example, very little is known about the five proteins whose that these latter proteins merely represent contamination by other organelles. localization we confirmed. NIT2 ( Figure 2E ) and HINT2 ( Figure 2B) The fact that only about one-half of gene products are detected in all four tissues could reflect true differwith mRNA abundance of the corresponding gene measured by oligonucleotide microarrays. The traditional ences in the abundance of these components or an artifact from random under-sampling of the tissues by approach to relating mRNA abundance to protein abundance is to calculate a simple correlation coefficient. our methodologies. To distinguish these possibilities, we considered five well-matched experimental tissue However, protein detection by mass spectrometry and RNA expression analysis with microarrays can result in batches: two independent liver samples and one sample from each of brain, heart, and kidney. We then computed noisy data. For example, the protein product of a given gene may give rise to few or unfavorable tryptic peptides the conditional probability that a protein detected in the first liver sample is also detected in a specified one of for mass spectrometric identification. Similarly, the oligonucleotide probes on the microarray may be imperthe other samples. The conditional probability of detecting the protein in another sample is 92% for the fect detectors for certain genes. Previous efforts to analyze such noisy data with simple correlation analyses second liver sample (indicating good, although not perfect reproducibility) but averages only 79% for brain, have resulted in positive but weak associations (Griffin et al., 2002; Lian et al., 2001 ) between mRNA and protein, heart and kidney. The probability of detection in a distinct tissue is therefore ‫%58ف‬ as large as the probability while analyses with more robust statistics have yielded stronger correlations (Gygi et al., 1999 We therefore sought to model the degree to which protein is detected in liver but not in heart, for example, we say that the mRNA abundance is concordant if the mito-A transcripts and proteins are shared across different tissues. We can define P i as the probability that a mRNA expression level in liver exceeds that in heart. The mRNA/protein concordance test overcomes those given protein is found in a set of i ϩ 1 tissues, conditional on being found in a specific set of i tissues, averaged technical artifacts that are uniform for a given gene across different tissues. For a given gene, we can count over all distinct subsets of tissues (see Experimental Procedures). Focusing on protein expression in four, the total number of concordant measures for all pairs of tissues and compare to the expected distribution well-matched tissue batches, we find that P 1 ϭ 0.79, P 2 ϭ 0.89, and P 3 ϭ 0.93. And likewise, using the RNA of concordance in the null case in which there is no association between mRNA and protein detection (see expression data, we find P 1 ϭ 0.89, P 2 ϭ 0.93, and P 3 ϭ 0.94. These results are broadly consistent with a simple Experimental Procedures).
We applied this analysis to proteins identified in welltheoretical model in which half of the mitochondrial components are present in all tissues and the other half matched brain, heart, kidney, and liver batches for which we also had mRNA expression measures. We found that being tissue specific such that they occur in a given tissue with 50% probability. Out of a hundred mitochon-426 of the 569 pairwise comparisons were concordant, allowing us to strongly reject the null hypothesis that drial proteins, two tissues would then each contain the 50 ubiquitous mitochondrial proteins as well as 25 tisthere is no association between protein detection and mRNA abundance (p ϭ 3.0 ϫ 10 Ϫ14 ). Hence, on a bulk sue-specific proteins, of which half would be shared (i.e., 62.5/75 or 83% proteins shared). In this way, this level, mRNA expression levels are indeed correlated to simple model would result in P 1 ϭ 0.83, P 2 ϭ 0.90, and P 3 ϭ 0.94 (see Experimental Procedures), very close to the degree of protein and transcript sharing across tissues.
The notion that only a subset of mitochondrial proteins are shared (that is, present at detectable expression levels) among mitochondria from two different tissues is consistent with previous studies demonstrating morphological and functional specialization of this organelle. The consistency of RNA and protein expression analysis is important, since proteomics, but not RNA expression analysis, allows us to control for organelle copy number, which can vary across cell types. Supplemental Table S3 for annotations of these genes). These modules include previously known as well as newly identified members of mito-A (see bar labeling in Figure 3B ). As shown in Figure  3B , mitochondrial gene expression profiles vary tremendously from tissue to tissue, suggesting a regulatory diversity that is consistent with the compositional diversity noted above.
Subnetworks of Mitochondrial Genes
Each of these gene modules is characterized by tightly correlated gene expression across the tissue compendium, but some are heavily enriched by members of well-known biochemical pathways. Members of these modules likely share transcriptional regulatory mechanisms as well as cellular functions. And because many of the newly identified mitochondrial genes ( Figure 3B ) lie within these modules, they provide an initial step The above studies focused on those genes whose prodthe TCA cycle, and are highly expressed in brown fat, ucts are physically localized or associated with the mitoskeletal muscle, and heart ( Figure 3B ). This module inchondrion and attempted to characterize subnetworks cludes 13 probe-sets corresponding to 12 newly identiwithin this group. We next sought to systematically idenfied mito-A genes. Previous work has identified the botify those genes that are coregulated with this set. We vine homolog of one of these proteins, Grim19, as a refer to this "mitochondrial neighborhood" as mito-CR, component of complex I of the electron transport chain for mitochondria-co-regulated. approximately 1 in 20 times, after correcting for multiple amino acid metabolism. This module also contains two hypothesis testing (corresponding to a global p value of the four known biotin-dependent carboxylases. These of ‫.)50.0ف‬ pathways are highly expressed in brown fat-but not A total of 643 genes have N 100 Ն 15. We define this skeletal muscle and heart-as well as in liver, kidney, as the expression neighborhood of the mito-A set, and adrenal, and testis, raising hypotheses about tissue cawe interpret these genes as being coregulated with mitopacities for amino acid metabolism.
chondrial genes (see the entire rank ordered list in SupIt has long been known that adrenal mitochondria play plemental Table S3 ). This group corresponds to only a central role in steroidogenesis. Several of the enzymes 6.4% of all the genes studied, but it contains 45% of involved in this pathway, including steroidogenic acute the mito-A genes (7-fold enrichment). The list includes regulatory protein (Star), ferredoxin reductase, and fer-48 that are newly mitochondrial based on our proteomic redoxin, are all found in module 3. Ferredoxin reductase survey and 18 that were previously known to be mitois the sole mammalian P450 NADPH reductase, transferchondrial but not detected by our proteomic survey. ring electrons from NADPH, via ferredoxin, to cholesImportantly, the expression neighborhood mito-CR interol. Under substrate limiting conditions, it is known cludes 470 genes that are not present in the mito-A set that electrons from this system can generate a large itself. Some of these genes may encode proteins that load of reactive oxygen species (ROS) that can be are physically present in mitochondria but were missed quenched by scavenging enzymes (Hwang et al., 2001 ).
in our proteomic survey, while others may encode proInterestingly, module 3 also includes the ROS scavenger teins that are functionally related to mitochondria but peroxiredoxin 3, which may serve this function. Two not physically associated. The neighborhood mito-CR known heat shock proteins, Hspe1 and Hspd1, are also thus provides a catalog of genes that are likely functioncoordinately expressed in this module, though their role ally relevant to mitochondrial biology and is complemenin steroid metabolism is not known.
tary to the proteomic approach that identified proteins Module 6 includes genes involved in heme biosyntheresident in this organelle. sis that form a tight cluster highly expressed in bone and in bone marrow. Of the four mitochondrial enzymes Transcriptional Regulators within involved in heme biosynthesis (Stryer, 1988) , aminolevuthe Mitochondrial Neighborhood linic acid synthetase, ferrochelatase, and coproporphyBecause tissue-specific transcription factors are often involved in specifying tissue differentiation, we rearinogen oxidase are found within this module. Several where but are related to mitochondrial biogenesis and function. In the future, it will be valuable to combine 1998). Of the mito-A genes for which we had gene expression measures, 54 can be identified as being ancesinsights from complementary approaches, as sensitivity and specificity measures can be improved by combining tral (see Experimental Procedures). We find that the ancestral mitochondrial genes tend to have higher local different sources of experimental evidence. At present, the mechanisms that achieve cell-typeenrichment by mitochondrial genes, as assayed by the neighborhood index (Figure 4) . Interestingly, previous specific differences in mitochondrial form and function are not known. How a mitochondrion remodels in restudies have suggested that mRNA populations encoding ancestral mitochondrial proteins tend to be transsponse to changes in nutrient status and energy demands or in disease states, such as cancer and diabelated at polysomes associated with the mitochondrial Table S1 . However, in analyses of mRNA:protein concordance and in analysis of the compositional diversity, we Experimental Procedures limited our analyses to four well matched batches, corresponding to mouse brain, heart, kidney, and liver.
Organelle Purification and Sample Preparation
Six-to eight-week-old male mice were subjected to an 8 hr fast and Cell Culture and Transfection then euthanized. Brain, heart, kidney, and livers were harvested GFP-tagged proteins were generated for five human homologs of immediately and placed in ice-cold saline. Mitochondria were isothe identified proteins using the Gateway cloning system (Life Techlated using differential centrifugation as previously described and nology) as described by the manufacturer. Approximately 6 ϫ 10 5 purified with a Percoll gradient (Mootha et al., 2003a) . To test the HEK 293 cells were seeded on coverslips in a 6 well-plate and purity of these preparations, we performed Western blot analysis incubated overnight in DMEM supplemented with 10% FBS, 100 as previously described, using antibodies directed against known U/ml penicillin and 100 g/ml streptomycin at 37ЊC in a humidified mitochondrial proteins (cytochrome c, COXIV, and VDAC) as well 5% carbon dioxide atmosphere. Six microliters Genejammer (Straas antibodies directed against calreticulin (a marker for the endotagene) in 100 l DMEM was incubated 10 min at room temperature plasmic reticulum) and for SNAP25 (a marker for synaptosomes). and 1 g DNA was added. The mixture was then incubated for a The proteins were then solubilized, size separated, and digested as further 10 min. Nine hundred microliters of DMEM with 10% FBS and the transfection mixture were combined and added to the cells. previously described (Mootha et al., 2003a) .
After 3 hr, 1 ml of DMEM with 10% FBS and antibiotics were added. These transfected cells were then incubated for 48 hr.
Tandem Mass Spectrometry Liquid chromatography tandem mass spectrometry (LC-MS/MS)
Immunofluorescence Microscopy that is 0 if the protein product of gene G is not found in tissue k, were merged. These were then collapsed into distinct protein clusand 1 if the protein product is found in tissue k. We set ters using a command-line version of blastclust (http://www.ncbi.nlm. nih.gov/BLAST/). We required that members of a cluster demonstrate 70% sequence identity over 50% of the total length, not requiring x(i, j) ϭ MutS homologue 5 is required for chromosome pairing in meiosis. Nat. Genet. 21, 123-127. Neighborhood analysis was performed using a stand-alone Perl
